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Degradation  of  solid  oxide  electrolysis  cells  (SOECs)  is  probably  the  biggest  concern  in  the  field  of  high 
temperature  steam  electrolysis  (HTSE).  Anode  supported,  YSZ-based  microtubular  solid  oxide  fuel  cells 
(SOFC)  have  been  tested  in  fuel  cell  mode  and  also  at  high  voltages  (up  to  2.8  V)  under  electrolysis  mode. 
At  high  steam  conversion  rates  the  cell  voltage  tends  to  saturate.  Our  hypothesis  is  that  this  effect  is 
caused  by  the  electroreduction  of  the  thin  YSZ  electrolyte  which  induces  electronic  conduction  losses. 
YSZ  reduction  increases  the  cathode  activity  and  reduces  cathode  overpotential.  Operation  of  the  cell  in 
severe  electrolyte  reduction  conditions  induces  irreversible  damage  at  the  YSZ  electrolyte  as  observed  in 
SEM  experiments  by  the  formation  of  voids  at  the  grain  boundaries  of  the  dense  YSZ  electrolyte.  Evidence 
of  this  damage  was  also  given  by  the  increase  of  the  ohmic  resistance  measured  by  AC  impedance.  Signs  of 
electrolyte  degradation  were  also  found  by  both  EDX  analysis  and  micro-Raman  spectroscopy  performed 
along  a  transverse-cross  section  of  the  cell.  The  observed  oxygen  electrode  delamination  is  associated  to 
the  high  oxygen  partial  pressures  gradients  that  take  place  at  the  electrolyte/oxygen  electrode  interface. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  recent  years,  there  has  been  a  great  interest  in  renewable 
energy  resources,  such  as  wind  power,  solar  energy,  hydropower 
or  geothermal  power.  The  main  problem  associated  with  those 
energies  is  that  they  have  to  match  supply  with  demand,  there¬ 
fore  energy  storage  is  essential.  Battery  storage  is  an  alternative  for 
some  applications,  although  they  present  some  problems  such  as 
high  costs  for  large  storage  requirements,  or  loss  of  charge  over¬ 
time.  Storage  of  H2  will  be  also  essential  for  the  hydrogen  economy 
in  the  near  future.  Hydrogen  is  probably  the  preferred  energy  car¬ 
rier  for  a  future  zero-carbon  economy  but  several  research  efforts 
are  required  in  order  to  supply  inexpensive  and  plentiful  amounts 
of  fuel.  Water  electrolysis  is  most  likely  the  cleanest  method  to  pro¬ 
duce  hydrogen  [1],  and  at  present  low  temperature  alkaline  and 
proton  exchange  membrane  (PEM)  electrolysers  are  widely  used 
to  produce  zero-emission  hydrogen  when  combined  with  a  renew¬ 
able  source  to  supply  the  electricity.  The  problem  in  those  systems 
is  that  >2/3  of  the  cost  of  electrolysis  is  due  to  electricity  demand.  By 
increasing  the  operation  temperature  of  the  electrolyser,  the  elec¬ 
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trical  energy  demand  is  significantly  reduced.  In  this  area,  HTSE 
presents  particular  interest  as  nuclear  power,  renewable  energy 
and  waste  heat  from  high  temperature  industrial  processes  could 
be  used  to  supply  the  heat  and  power  needed  for  electrolysis  [2]. 
HTSE  has  also  attracted  many  researches  that  are  trying  to  develop 
these  technologies  in  the  recent  years  [3-9]. 

Other  interesting  alternative  for  SOECs  is  the  high  temperature 
co-electrolysis  of  C02  and  steam  to  produce  synthesis  gas  [10-12]. 
Where  a  source  of  high  temperature  process  heat  is  available,  the 
endothermic  electrolysis  reactions  can  utilize  both  thermal  and 
electrical  inputs  being  the  conversion  efficiency  within  the  cell  of 
100%. 

Degradation  of  solid  oxide  electrolysis  cells  (SOECs)  is  possi¬ 
bly  the  largest  concern  in  this  field.  For  example,  aging  studies  of 
metal  supported  cells  performed  at  the  German  Aerospace  Center 
(DLR)  [4]  showed  a  degradation  rate  of  3.2%  per  lOOOh  at  800 °C, 
-0.3  A  cm-2  and  43%  of  steam  concentration.  The  degradation  rate 
was  higher  than  the  standard  for  the  SOFC  technology.  The  AC 
impedance  studies  showed  an  enhancement  in  the  polarization 
resistance  during  the  electrolyser  operation  that  was  attributed  to 
degradation  in  the  hydrogen  electrode.  Aging  studies  up  to  1300  h 
operation  time  at  850  °C,  -0.5  A  cm-2  and  50%  steam,  were  also 
made  at  Riso-DTU  National  Laboratory  (Denmark)  showing  a  degra¬ 
dation  rate  of  2%  [  1 3  ] .  They  also  observed  by  AC  impedance  that  the 
degradation  was  mainly  attributed  to  the  Ni/YSZ  electrode  degra¬ 
dation  and  in  fact  their  SEM  experiments  revealed  grain  growth  of 
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Ni  particles  as  well  as  the  presence  of  Si  impurities  in  all  the  studied 
samples.  In  contrast  to  these  studies  in  a  very  recent  study  in  a  720- 
cell  stack  after  1 080  h  of  SOEC  operation  performed  [14]  the  authors 
reported  that  the  hydrogen  electrode  (Ni-YSZ)  was  mainly  in  good 
condition  although  some  silicon  impurities  from  the  seal  were 
detected.  The  6ScSZ  (6mol%  Sc203  stabilized  zirconia)  electrolyte 
showed  no  cracks  or  apparent  grain  growth  although  in  some  cases 
monoclinic  phase  was  detected  near  the  edges.  The  authors  also 
claim  that  the  biggest  degradation  evidences  are  related  with  the 
presence  of  Cr-doped  A1203  near  the  seals  from  bipolar  plates,  with 
cation  diffusion  at  the  oxygen  electrode,  and  with  delamination  of 
the  oxygen  electrode  due  to  the  high  oxygen  partial  pressures  at  the 
electrode/electrolyte  interface.  Delamination  of  the  oxygen  elec¬ 
trode  is  a  common  problem  in  SOECs  and  has  also  been  observed 
by  other  authors  [15,16]. 

Those  findings  in  the  literature  are  also  supported  by  the  elec¬ 
trochemical  model  for  degradation  of  solid  oxide  electrolyser  cells 
recently  proposed  by  Virkar  [17].  The  model  showed  that  electronic 
conduction  through  the  electrolyte  must  be  taken  into  account  for 
determining  local  oxygen  chemical  potential  within  the  electrolyte. 
Under  certain  conditions,  high  oxygen  pressures  can  develop  in 
the  electrolyte  just  near  the  oxygen  electrode/electrolyte  interface, 
leading  to  oxygen  electrode  delamination.  Virkar’s  model  also  pre¬ 
dicts  that  the  higher  the  electronic  conductivity  of  the  electrolyte, 
the  lower  is  the  tendency  for  the  formation  of  such  high  inter¬ 
nal  pressures.  Preliminary  calculations  show  that  small  changes  in 
electronic  conductivity  can  cause  variations  of  orders  of  magni¬ 
tude  in  the  oxygen  partial  pressure.  Thus,  the  study  concluded  that 
a  small  amount  of  electronic  conduction  through  the  electrolyte  is 
preferred  for  the  stability  of  the  cell. 

Another  issue  concerning  SOEC  operation  is  the  degradation 
occurring  at  high  current  densities.  Knibbe  et  al.  [18]  found  that  at 
high  electrolysis  current  densities  (>- 1 A  cm-2 ),  cell  voltage  degra¬ 
dation  is  predominately  attributed  to  ohmic  degradation  and  there 
is  no  direct  relationship  between  polarization  resistance  degrada¬ 
tion  and  current  density/cell  polarization. 

In  the  present  paper  we  report  on  aging  studies  for  SOEC  micro¬ 
tubular  cells  operated  at  high  voltages.  The  advantages  of  using 
the  microtubular  configuration  include  easier  sealings  in  compar¬ 
ison  with  the  planar  design  [19],  and  we  suspect  that  this  issue 
would  be  an  advantage  in  order  to  avoid  possible  Si  contamina¬ 
tion  which  would  be  absent  in  our  cells.  In  a  recent  paper  on  the 
study  of  the  reversible  operation  of  microtubular  anode  supported 
Ni-YSZ/YSZ/LSM-YSZ  cells  we  reported  that  in  electrolysis  mode, 
the  j-V  curves  showed  a  concave  shape  with  the  slope  slightly 
increasing  with  current  densities  up  to  voltage  values  above  1.4  V 
where  there  was  a  tendency  to  saturation  of  the  cell  voltage  [20]. 
We  suspected  that  this  effect  was  probably  caused  by  the  electrore¬ 
duction  of  the  YSZ  electrolyte  but  this  effect  cannot  completely 
explain  all  the  cell  behavior.  In  particular  it  cannot  explain  that 
the  faradaic  water  reduction  efficiency  remains  nearly  100%  in 
the  high  current  density  region  [21].  Thus,  it  has  been  suggested 
that  similarly  to  the  case  of  MIEC-type  electrolytes  increasing  elec¬ 
tronic  conductivity  also  increases  the  oxygen  electrode  activity 
and  reduces  the  overpotential.  The  effect  is  completely  reversible 
except  for  severe  electroreduction  levels,  where  a  permanent  irre¬ 
versible  damage  is  observed.  Similar  effects  were  also  reported  by 
Schefold  et  al.  [22].  The  main  objective  of  the  present  work  is  the 
understanding  of  the  irreversible  degradation  that  takes  place  at 
the  YSZ  electrolyte.  The  degradation  was  studied  by  AC  impedance, 
SEM,  EDX  mapping  and  micro-Raman  spectroscopy. 

2.  Experimental 

Details  of  cell  fabrication  and  microstructure,  experimental 
setup  for  the  electrolysis  experiments,  and  information  of  the  elec- 
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Fig.  1.  AC  impedance  measurements  recorded  at  OCV  and  895  °C  for  the 
Ni-YSZ/YSZ/LSM-YSZ  cell  under  different  steam  partial  pressures. 


trochemical  studies  performed  to  the  cells  can  be  found  in  Refs. 
[20,23]. 

Different  sets  of  current  density-voltage  (j-V )  experiments  in 
both  SOFC  and  SOEC  mode  were  performed  using  the  following 
growing  sequence  for  pH20  of  0.03,  0.50,  0.25  and  0.7  atm  in  the 
inner  side  (Ni/YSZ).  For  each  steam  composition  we  have  mea¬ 
sured  at  cell  temperatures  of  750,  820, 895  and  950  °C.  The  voltage 
range  was  taken  between  0.5  and  2.5  V  corresponding  to  den¬ 
sity  current  values  between  -2.5  and  0.5  A  cm-2.  Electrochemical 
impedance  spectroscopy  (EIS)  was  performed  at  OCV  before  and 
after  all  potentiodynamic  experiments  using  an  Autolab  PGSTAT30 
fitted  with  a  frequency  response  analyser  (FRA)  (Autolab,  Eco- 
Chemie,  Netherlands),  and  using  a  sinusoidal  signal  amplitude 
of  100  mV  over  the  frequency  range  of  10  kHz  to  0.1  Hz.  Details 
of  the  electrochemical  results  can  be  found  in  Ref.  [20].  EIS  at 
OCV  was  also  analysed  using  the  equivalent  circuit  composed  of 
^ohm(^iQi)(^2Q2)  where  Rohm  represents  the  pure  ohmic  resis¬ 
tance.  Each  of  the  parallel  circuits  of  resistance  R  and  constant 
phase  element  Q.  gives  account  for  its  respective  depressed  semi¬ 
circle  going  from  high  to  low  frequencies.  A  parasitic  inductance  L 
was  added  to  account  equipment  contribution. 

Scanning  Electron  Microscopy  (SEM)  experiments  were  per¬ 
formed  under  an  accelerating  voltage  of  20  kV  using  a  JEOL  6400 
SEM  (JEOL,  Japan)  fitted  with  Oxford  Instruments  INCA  energy  dis¬ 
persive  analytical  system  (EDS)  for  elemental  X-ray  analysis.  The 
polished  samples  were  also  observed  in  a  Field  Emission-SEM  (Nova 
NanoSEM,  FEI,  The  Netherlands). 

Micro-Raman  measurements  were  performed  in  the  backscat- 
tering  configuration  at  room  temperature  (RT)  in  a  DILOR  XY 
spectrometer  with  a  liquid-nitrogen-cooled  charge  coupled  device 
(CCD)  detector  and  excitation  through  the  microscope.  Laser  exci¬ 
tation  wavelength  was  chosen  at  X  =  496.5  nm  to  avoid  the  presence 
of  narrow  impurity  emission  bands  presumably  due  to  Er3+  impu¬ 
rity  overlapping  the  Raman  spectra  when  exciting  with  standard 
514.5  Ar+  ion  laser  beam.  The  Si  mode  at  520  cm-1  was  used  for 
frequency  calibration.  The  spatial  resolution  was  estimated  to  be 
about  2  [xm2. 

3.  Results  and  discussion 

3.1.  Effect  of  the  degradation  in  the  electrochemical  behavior 

AC  impedance  results  measured  at  OCV  and  895  °C,  prior  to 
each  potentiodynamic  measurement  under  different  steam  com¬ 
positions  are  presented  in  Fig.  1.  The  experiment  sequence  is  as 
given  in  the  figure:  0.03,  0.50,  0.25  and  0.7  atm  of  pH20.  The  esti¬ 
mated  experiment  time  was  10  min  for  each  j-V  measurement. 
As  observed  from  the  graph,  there  is  a  continuous  increase  of 
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Table  1 

Resistance  parameters  obtained  from  the  fittings  for  the  AC  impedance  measurements  shown  in  Fig.  1.  The  sequence  shown  in  the  table  corresponds  to  the  growing  measured 
sequence. 


pH20  (atm) 

Rohm(^c  m2) 

Ri  (£2 cm2) 

R2  (£2 cm2) 

Rpol  (£2 cm2) 

ASR  (£2  cm2) 

0.03 

0.11 

0.29 

0.29 

0.58 

0.69 

0.50 

0.15 

0.22 

0.09 

0.31 

0.46 

0.25 

0.21 

0.28 

0.17 

0.45 

0.66 

0.70 

0.23 

0.23 

0.06 

0.29 

0.53 

the  ohmic  resistance  (high  frequency  cut  off  with  x-axis)  as  we 
modified  the  steam  composition.  Since  ohmic  resistance  does  not 
depend  on  steam  composition,  the  increase  from  0.11  £2  cm2  to 
0.23  £2  cm2  (as  also  observed  in  Table  1)  is  a  consequence  of  cell 
degradation,  possibly  due  to  the  operation  under  high  current  den¬ 
sities,  as  it  will  be  further  discussed. 

AC  impedance  was  also  analysed  using  equivalent  circuits.  In 
Table  1  we  summarize  the  different  resistance  components  and 
ASR  values  obtained  from  the  fitting  of  the  AC  impedance  mea¬ 
surements  to  the  equivalent  circuit.  It  is  observed  that  Ri  remains 
almost  constant  with  operation  time  and  with  different  steam  con¬ 
centrations.  On  the  contrary,  R2  decreases  when  increasing  the 
steam  content  in  the  inlet  gas.  From  those  observations,  R\  and  R2 
were  assigned  to  electrode  reactions  and  gas  diffusion,  respectively. 

Additional  evidence  of  the  YSZ  degradation  could  be  observed 
in  Fig.  2(a).  Using  70%  of  steam  at  895  °C,  at  current  densities 
above  approximately  -1.75  A  cm-2,  a  high  scattering  in  the  mea¬ 
sured  potential  values  is  an  indication  of  fast  changes  associated 
to  the  dynamics  of  YSZ  electroreduction.  The  degradation  is  also 
illustrated  when  we  observe  the  AC  impedance  data  before  and 
after  this  potentiodynamic  experiment  (Fig.  2(b)).  Merely  1 0  min  of 
operation  under  extreme  conditions  produce  an  irreversible  dam¬ 
age  causing  a  63%  increase  of  the  ohmic  resistance  (from  0.23  £2  cm2 
measured  before  the  electrolysis  operation  to  0.37  £2  cm2  mea- 


Z  (ohm.cm2) 

Fig.  2.  (a)  SOFC-SOEC  experiments  recorded  at  70%  steam  concentration  and  895  °C 
for  the  Ni-YSZ/YSZ/LSM-YSZ  cell  and  (b)  AC  impedance  measurements  for  the  same 
cell  before  and  after  the  electrochemical  test. 


sured  after  the  test),  whereas  the  polarization  contributions  remain 
almost  unaltered  (0.31-0.32  £2  cm2). 

3.2.  Study  of  the  degradation  after  cell  operation 
3.2 A.  Microstructural  studies 

Microstructural  studies  of  the  operated  cell  using  SEM  exper¬ 
iments  were  performed.  In  Fig.  3  we  present  SEM  images  of 
transverse-cross  sections  of  the  cell  after  all  the  complete  mea¬ 
surement  cycles.  Depending  on  the  analysed  zone,  the  cell  presents 
different  degrees  of  damage.  In  some  regions  of  the  cell  we  observed 
a  clear  indication  of  degradation  of  YSZ  near  to  the  air  electrode  side 
occurs.  Fig.  3(a)  presents  the  degradation  at  the  earliest  stage  where 
large  intergranular  defects  are  observed  near  the  oxygen  elec¬ 
trode/electrolyte  interface.  Similar  degradation  was  also  reported 
by  Knibbe  et  al.  [18]  when  operating  the  cell  at  high  current  den¬ 
sities.  These  defects  in  the  form  of  voids  proliferate  along  the  grain 
boundaries,  as  illustrated  in  Fig.  3(b).  Fig.  3(c)  and  (d)  presents 
regions  of  the  cell  where  the  degradation  is  more  severe.  The 
voids  propagate  through  grain  boundaries  along  the  electrolyte 
and  progress  towards  the  hydrogen  electrode  side.  In  some  cases 
this  effect  is  accompanied  with  the  delamination  of  the  LSM/YSZ 
bilayer  and  even  the  rupture  of  the  oxygen  electrode,  as  shown 
in  Fig.  3(d).  The  high  internal  oxygen  partial  pressures  that  take 
place  at  the  oxygen  electrode/electrolyte  could  be  the  origin  for 
this  degradation,  as  recently  predicted  by  Virkar  [17]. 

3.2.2.  SEM-EDS  elemental  mapping  and  microanalysis 

Cation  diffusion  at  the  oxygen  electrode  has  been  previously 
reported  in  SOEC  cells  as  a  sign  of  degradation  [14].  In  order  to 
study  the  possible  diffusion  of  species  within  the  oxygen  elec¬ 
trode/electrolyte  and  electrolyte/hydrogen-steam  electrode  in  our 
microtubular  cells,  SEM-EDS  elemental  mapping  for  Zr,  Y,  Ni,  La  and 
Mn  ions  was  performed.  From  the  results  shown  in  Fig.  4,  we  can 
conclude  that  Ni,  La  and  Mn  are  limited  to  the  electrode  region  so 
there  is  no  evident  cation  diffusion  of  species  between  the  different 
cell  layers. 

EDS  microanalysis  was  also  performed,  especially  in  the  elec¬ 
trolyte  region,  were  we  have  observed  signs  of  degradation.  In 
Fig.  5,  we  present  two  SEM  micrographs  that  correspond  to  the 
analysed  area  for  a  blank  sample  (a)  and  for  the  degraded  sam¬ 
ple  (b).  The  measured  oxygen  fraction  versus  the  total  amount  of 
analysed  atoms,  Zr,  Y  and  O  (atomic  %)  as  a  function  of  the  dis¬ 
tance  to  the  oxygen  electrode  is  also  shown  in  this  figure  for  both 
the  untreated  blank  sample  that  serves  as  standard  reference,  and 
for  the  degraded  sample.  Although  we  expect  some  error  in  the 
quantitative  determination  of  atomic  fractions  mainly  because  of 
the  presence  of  pores  which  changes  the  density  of  the  explored 
layer,  we  can  extract  some  qualitative  but  valuable  information.  It 
is  clear  that  the  oxygen  content  along  the  YSZ  electrolyte  varies 
almost  linearly  from  low  oxygen  values  near  the  water  electrode  to 
higher  values  near  to  oxygen  electrode.  This  is  again  consistent  with 
the  predictions  of  Virkar  and  the  observations  of  other  authors  as 
discussed  in  Section  1.  The  decrease  of  atomic  oxygen  at  the  water 
electrode  is  presumably  due  to  electroreduction  of  the  YSZ  layer. 
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Fig.  3.  SEM  micrographs  showing  different  stages  of  damage  for  the  same  cell  (a)  general  view  of  the  cell;  (b)  origin  of  the  degradation  at  the  YSZ  grain  boundaries;  (c) 
cracking  of  the  YSZ  electrolyte  and  (d)  delamination  of  the  LSM-YSZ  electrode. 


This  increase  is  accompanied  by  an  increase  of  the  oxygen  par¬ 
tial  pressure  at  the  oxygen  electrode/electrolyte.  In  addition,  we 
observed  that  near  to  the  oxygen  electrode/electrolyte  interface 
the  oxygen  tends  to  accumulate  in  pores  or  voids,  where  we  can 
also  observe  severe  cracking.  This  is  also  coherent  with  the  work 
of  Knibbe  et  al.  [18].  They  performed  EDXS  analysis  (TEM)  across 
the  grain  boundary  and  observed  that  there  is  an  increase  of  oxy¬ 
gen  at  the  porous  region  near  the  oxygen  electrode.  They  conclude 


that  at  high  current  densities  in  SOEC  mode,  there  is  an  increase  of 
the  electromotive  potential  in  the  YSZ  electrolyte  adjacent  to  the 
oxygen  electrode,  which  allows  the  formation  of  oxygen  at  the  YSZ 
grain  boundaries  close  to  the  oxygen  electrode. 

3.2.3.  Raman  studies 

Raman  spectroscopy  is  a  common  technique  to  study  aging  and 
thermal  evolution  of  doped  zirconia  [24].  In  this  case,  we  have 


Fig.  4.  Elemental  mapping  for  Ni,  Zr,  Y,  La  and  Mn  for  the  analysed  region. 
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Fig.  5.  Oxygen  atomic  content  along  the  YSZ  electrolyte  measured  by  EDS.  As  standard  reference,  oxygen  content  of  a  reference  cell  is  also  plotted  in  the  graph.  SEM 
micrographs  for  the  analysed  regions  are  also  shown. 


performed  micro-Raman  studies  along  the  YSZ  electrolyte.  The 
SEM  micrograph  from  Fig.  6  corresponds  to  the  analysed  zone.  We 
have  recorded  Raman  spectra  along  the  thickness  of  the  YSZ  elec¬ 
trolyte  every  2  pirn.  The  characteristic  vibrational  Raman  spectra 
are  shown  in  Fig.  6.  The  black  spectrum  from  the  figure  corresponds 
to  an  untreated  blank  sample,  which  is  shown  for  comparison.  The 
Raman  spectra  measured  along  the  electrolyte  thickness  do  not 
show  any  apparent  difference  with  that  of  the  untreated  sample 
except  in  the  very  near  region  to  the  oxygen  electrode.  This  spec¬ 
trum  presents  an  intense  band  centred  at  around  620  cm-1  which 
corresponds  to  the  cubic  phase  of  the  zirconia.  The  absence  of  the 
otherwise  noticeable  260  cm-1  mode  eliminates  the  presence  of 
tetragonal  phase  unless  in  large  amounts.  However,  when  we  anal¬ 
yse  the  region  adjacent  to  the  oxygen  electrode  (from  a  distance 
of  0  to  4  |jim  from  interface),  the  620  cm-1  band  broadens  and  also 
moves  to  lower  wavelength  (centred  at  around  61 0  cm-1).  Band 
widening  is  often  associated  in  Raman  spectroscopy  with  struc¬ 
tural  disorder.  We  do  not  clearly  understand  if  this  is  here  the  case, 
but  the  band  widening  could  be  again  related  with  the  increase  of 
oxygen  observed  by  EDX  at  the  YSZ  grain  boundaries  close  to  the 
oxygen  electrode.  Micro-Raman  spectroscopy  could  be  in  this  way 
also  a  tool  to  study  the  degradation  in  the  region  close  to  the  oxygen 
electrode  interface  although  we  did  not  observe  any  phase  change 
of  the  YSZ  in  this  region. 
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Fig.  6.  Raman  spectra  along  the  YSZ  electrolyte.  Raman  spectrum  of  a  blank  sample 
is  also  shown  for  comparison.  The  inset  shows  a  SEM  micrograph  for  the  analysed 
region. 


4.  Conclusions 

Operation  of  anode  supported  YSZ-based  microtubular  cells 
in  SOEC  mode  under  high  voltages  (>1.8  V)  produces  irreversible 
degradation  of  the  electrolyte,  caused  by  YSZ  electroreduction. 
Voids  were  detected  at  the  grain  boundaries  of  the  YSZ  in  the  region 
adjacent  to  the  oxygen  electrode.  In  the  most  degraded  cell  regions 
these  voids  progress  along  the  grain  boundaries  generating  cracks 
in  the  electrolyte.  The  presence  of  oxygen  in  excess  near  to  oxy¬ 
gen  electrode  degraded  regions  as  well  as  the  depletion  of  oxygen 
in  the  near  to  water  electrode  regions,  is  associated  with  the  high 
PO2  at  the  electrolyte-electrode  interface,  and  it  is  also  in  concor¬ 
dance  with  Virkar  model  for  the  redistribution  of  oxygen  along  the 
thin  YSZ  electrolyte.  This  effect  also  produces  delamination  of  the 
02  electrode,  as  it  was  also  observed  and  thus,  the  degradation 
produces  an  increase  in  the  cell  impedance. 
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